One of the primary physiological roles of group II and group III metabotropic glutamate receptors (mGluRs) is to presynaptically reduce synaptic transmission at glutamatergic synapses. Interestingly, previous studies suggest that presynaptic mGluRs are tightly regulated by protein kinases. cAMP analogs and the adenylyl cyclase activator forskolin inhibit the function of presynaptic group II mGluRs in area CA3 of the hippocampus. We now report that forskolin has a similar inhibitory effect on putative mGluR2-mediated responses at the medial perforant path synapse and that this effect of forskolin is blocked by a selective inhibitor of cAMP-dependent protein kinase (PKA). A series of biochemical and molecular studies was used to determine the precise mechanism by which PKA inhibits mGluR2 function. Our studies reveal that PKA directly phosphorylates mGluR2 at a single serine residue (Ser 843 ) on the C-terminal tail region of the receptor. Site-directed mutagenesis combined with biochemical measures of mGluR2 function reveal that phosphorylation of this site inhibits coupling of mGluR2 from GTP-binding proteins
One of the primary physiological roles of group II and group III metabotropic glutamate receptors (mGluRs) is to presynaptically reduce synaptic transmission at glutamatergic synapses. Interestingly, previous studies suggest that presynaptic mGluRs are tightly regulated by protein kinases. cAMP analogs and the adenylyl cyclase activator forskolin inhibit the function of presynaptic group II mGluRs in area CA3 of the hippocampus. We now report that forskolin has a similar inhibitory effect on putative mGluR2-mediated responses at the medial perforant path synapse and that this effect of forskolin is blocked by a selective inhibitor of cAMP-dependent protein kinase (PKA). A series of biochemical and molecular studies was used to determine the precise mechanism by which PKA inhibits mGluR2 function. Our studies reveal that PKA directly phosphorylates mGluR2 at a single serine residue (Ser 843 ) on the C-terminal tail region of the receptor. Site-directed mutagenesis combined with biochemical measures of mGluR2 function reveal that phosphorylation of this site inhibits coupling of mGluR2 from GTP-binding proteins Key words: cAMP; metabotropic; dentate gyrus; perforant path; glutamate; phosphorylation; desensitization Fast synaptic responses at the majority of excitatory synapses in mammalian brain are mediated by activation of a well characterized family of glutamate receptor cation channels referred to as the ionotropic glutamate receptors (Dingledine et al., 1999) . In addition, glutamate can modulate cell excitability and synaptic transmission by activation of metabotropic glutamate receptors (mGluRs), which are coupled to effector systems through GTP-binding proteins. To date eight mGluR subtypes have been cloned and classified into three groups on the basis of their primary structures, second messenger coupling, and pharmacology. Group I mGluRs (mGluR1 and mGluR5) couple to G q and activation of phospholipase C and are selectively activated by 3,5-dihydroxyphenylglycine. Group II (mGluR2 and mGluR3) and group III (mGluR4 and mGluR6 -8) mGluRs couple to G i /G o and are selectively activated by (2S, 2ЈR, 3ЈR)-2-(2Ј, 3Ј-dicarboxycyclopropyl)-glycine (DCG-IV) and L-2-amino-4-phosphonobutyric acid (L-AP4), respectively (for review, see Conn and Pin, 1997; Pin et al., 1999) .
One of the primary functions of mGluRs seen throughout the CNS is their role in presynaptically reducing transmission at glutamatergic synapses (for review, see Anwyl, 1999; Conn and Pin, 1997) . Although members of each major group of mGluRs can serve this role, the predominant mGluRs involved in regulating glutamate release belong to group II and group III mGluRs. Interestingly, previous studies reveal that presynaptic mGluRs are tightly regulated. For instance, activation of PKC inhibits the function of multiple presynaptic group II and group III mGluR subtypes at several glutamatergic synapses (Swartz et al., 1993; Tyler and Lovinger, 1995; Kamiya and Yamamoto, 1997; Macek et al., 1998) . More recently, Kamiya and Yamamoto (1997) and Maccaferri et al., (1998) reported that the adenylyl cyclase activator forskolin or cAMP analogs reduce the ability of group II mGluRs to inhibit transmission at excitatory synapses in area CA3 of the hippocampus. The finding that cAMP can inhibit presynaptic group II mGluR function is particularly interesting in light of several recent studies suggesting the cAMP plays a critical role in both acute and long-lasting modulation of synaptic transmission at various hippocampal synapses (Nguyen and Kandel, 1996; Kamiya and Yamamoto, 1997) . However, it is not yet clear whether this effect is restricted to area CA3 or can be seen at other synapses where group II mGluRs regulate synaptic transmission. Furthermore, the precise molecular mechanism by which an increase in cAMP concentration inhibits group II mGluR function is not known. We now report that forskolin also inhibits the function of group II mGluRs at the medial perforant path (MPP)-dentate granule cell synapse, a synapse where inhibition of synaptic transmission is likely mediated by mGluR2 (Neki et al., 1996; Petralia et al., 1996; Shigemoto et al., 1997) . We then used a combination of electrophysiological, biochemical, and molecular approaches to show that this effect is mediated by activation of cAMP-dependent protein kinase (PKA) and that PKA phosphorylates mGluR2 at a single site on the C-terminal tail (Ser 843 ). Phosphorylation of this site inhibits mGluR2-mediated responses by inhibiting coupling of the receptor to GTP-binding proteins.
MATERIALS AND METHODS

Materials.
Chinese hamster ovary (CHO) cells were obtained from American T ype culture collection (Manassas, VA). pC M V-script vector, sitedirected mutagenesis system, BL21 Gold supercompetent cells were obtained from Stratagene (La Jolla, CA). pGEX-6P3 vector was obtained from Pharmacia (Piscataway, NJ). The mGluR2/3 antibody was obtained from Chemicon (Temecula, CA). [P 32 ]-orthophosphate, [ 35 S]-GTP␥S, and [
32 P]-␥-ATP were obtained from N EN-Dupont (Boston, M A).
[ 3 H]-myoinositol was purchased from American Radiolabeled Chemicals (St. L ouis, MO). 8-Bromoadenosine-3Ј, 5Ј-cyclic monophosphate (8-bromo-cAM P), dibutyryl-cAM P, and adenylate cyclase, 9-(tetrahydro-2-f uryl)-adenine (SQ22536) were obtained from Biomol (Plymouth Meeting, PA). A watersoluble form of forskolin, N- [2-(p-bromocinnamylamino) -ethyl]-5-isoquinoline-sulfonamide 2HC l (H89), and PK A inhibitor 6 -22 amide (PK I) were obtained from C albiochem (San Diego, CA). DCG-IV was obtained from Tocris Cookson (Ballwin, MO). Purified catalytic subunit of PK A and all other materials were obtained from Sigma.
Field potential recording. Hippocampal slices were prepared from 6-to 8-week-old rats, and field potential recordings were performed at M PPdentate gyrus (M PP-DG) synapses as described previously (Macek et al., 1996) . Both stimulating and recording electrodes were placed in the middle third of the molecular layer in the dentate gyrus, and the previously described criteria were used to confirm selective recording from M PP synapses (Kahle and Cotman, 1993; Macek et al., 1996) .
Plasmid constructions. The cDNA encoding mGluR2 originally in the pBluescript vector (gift from Dr. S. Nakanishi) was subcloned into the pC M V-script vector or into the retroviral vector pCL2 by standard protocols. pCL2 was constructed from pL NC X (Miller et al., 1993) by removing from the latter the region encoding the Neo gene and internal C M V promoter and replacing it with a linker that forms a new multicloning region with two noncohesive SfiI restriction sites. Point mutations were introduced into the f usion protein or in the f ull-length mGluR2 using the Stratagene site-directed mutagenesis system as per the manufacturer's instructions. Each mutant was sequenced to verif y the changes.
Cell culture and transfection. Rat thoracic aorta smooth muscle cells (VSMC) and Phoenix cells are kept as a continuous cell line as described previously (Wang and Murphy, 1998) . For transfection, CHO cells were plated in six-well plates (10 5 cells per well) the day before. C ells were transfected by the calcium-phosphate method with 2 g of mGluR2 in combination with 3 g of G␣15. After an overnight incubation the C aPO 4 -DNA medium was replaced by fresh medium. The retrovirus production and transfection protocols of VSMC were performed as described previously (Wang and Murphy, 1998) .
Culture of rat cerebellar granule cells. C erebella from postnatal day 4 (P4) rats were removed and washed in ice-cold calcium /magnesium-free HBSS solution. Tissue fragments were triturated using a P1000 pipette, and dissociated cells were centrif uged 5 min at 600 rpm and suspended in culture medium described below and plate in poly-D-lysine-coated six-well plates. Cultures were maintained at 37°C in 5% C O 2 for 2 weeks in DM EM supplemented with penicillin and streptomycin and 25 mM KC l.
Glutathione-S-transferase-f usion protein generation and purification. Sense and antisense single-stranded DNA primers were generated for regions of mGluR2 that code for either the predicted first (I1) or second (I2) intracellular loops or the C -terminal tail of the receptor. Primers were designed that incorporated either an EcoRI (sense) or NotI (antisense) restriction site proximal to the 5Ј end of the oligomer. Sense and antisense primers were used to amplif y by PCR the appropriate regions of mGluR2 (Ho et al., 1989) . The resultant PCR products were then digested with EcoRI and NotI and subcloned, in-frame, into the polylinker region of pGEX-6P3 (Pharmacia), a glutathione-S-transferase (GST)-f usion protein bacterial expression vector. Subcloned DNA was then transformed into BL21 Escherichia coli (Stratagene) in accordance with the manufacturer's protocols and plated onto L B medium plus ampicillin agar plates. Single colonies were then grown overnight in L B plus ampicillin, and plasmid DNA was purified using Qiagen DNA prep kits. Correct orientation was determined by restriction digest and DNA sequencing. Predicted amino acid sequences were determined by computer translation of the sequenced DNA. GST f usions proteins were purified according to the manufacturer's protocol.
Immunoprecipitation. Rat cerebellar granule cells (15 d in vitro) were incubated with [P 32 ]-orthophosphate (1 mC i /ml) for 3 hr in phosphatefree DM EM at 37°C in a tissue-culture incubator. After labeling, the cells were exposed to PK A activator for 30 min. Group II mGluRs were immunoprecipitated using 1 g mGluR2/3 antibody as described previously (Alagarsamy et al., 1999) .
In vitro phosphor ylation assay. GST-f usion proteins or hippocampal membranes were incubated in PK A assay buffer containing 20 mM Tris-HC l, pH 7.4, 10 mM MgC l 2 , 1 mM EGTA, and 30 U purified catalytic subunit of PK A. The reaction was started by the addition of 10 Ci [ 32 P]-␥-ATP at 30°C for 30 min. The reaction was terminated by the addition of sample buffer. The phosphoproteins were separated by electrophoresis on SDS-polyacrylamide gels. The dried gel was exposed to a phosphoscreen or x-ray film at Ϫ80°C, and radioactivity in the peptide or the mGluR2/3 bands was quantified with a Molecular Dynamics phosphorImager.
Sequencing anal ysis. Purified f usion proteins were phosphorylated as described above except that 10 mM cold ATP was added instead of [ 32 P]-␥-ATP. The purified phosphorylated protein [(mass ϭ 6857 average mass unit (amu), expected mass ϭ 6857 amu)] was digested with trypsin, and the peptides were separated by RP-HPLC. The masses of the peptides were determined by electrospray-ionization mass spectrometry (ESI-MS) in a model API300 triple quadrupole mass spectrometer equipped with MicroIon Spray source (PE-Biosystems). Phosphorylated peptides were identified by ESI-MS using the precursor ion scanning technique (C arr et al., 1996) or by matrix-assisted laser desorption-ionization time-of-flight mass spectrometry in a Bruker Daltonics model Reflex-II mass spectrometer before and after alkaline phosphatase treatment to confirm phosphorylation (Z hang et al., 1998) . Purified phosphopeptides (10 -20 pmol) were sequenced by Edman degradation in a PE-Biosystems model cLC -Procise sequencer. The serine phosphorylation sites in the peptides were unambiguously identified by measuring the relative sequencing [phenylthiohydantoin (P TH)] yields of Ser and products of ␤-elimination of Ser or Ser(P), or both, in Edman cycles (Meyer et al., 1991; Chambers et al., 1993) . Phosphoinositide hydrol ysis. Phosphoinositide (PI) hydrolysis was measured as described by Peav y and Conn (1998) except that CHO cells in six-well plates were labeled overnight in glutamine-free DM EM containing 5 C i /ml [ 3 H]-myo-inositol. Protein kinase activators or inhibitors were added 15 min before the addition of DCG-IV.
Preparation of hippocampal synaptosomes and vascular smooth muscle cell membranes and measurement of [
35 S]-GTP␥S binding. Hippocampi of 5-to 7-week-old male Sprague Dawley rats were removed and bathed in ice-cold oxygenated Krebs' buffer and cross-sectioned (350 ϫ 350 m) using a McI lwayne tissue chopper. After incubation for 1 hr in oxygenate Krebs' buffer at 37°C, an equal volume of gravity-packed slices was incubated for 30 min in the absence or presence of 8-bromo-cAM P (1 mM). The slices were diluted 1:10 (w/ v) in ice-cold buffer 1 containing 20 mM H EPES, 10 mM EDTA, and 320 mM sucrose, pH 7.4, and homogenized with a Teflon pestle. The resulting homogenate was centrif uged at 900 ϫ g for 10 min. The pellet was discarded, and the supernatant was recentrif uged at 48,000 ϫ g for 10 min. This pellet was resuspended with a Polytron and washed with buffer 1 without sucrose followed by two washes with buffer 2 containing 20 mM H EPES, 0.1 mM EDTA, pH 7.4. Membranes were stored in aliquots at Ϫ80°C. Protein concentration was determined according to the method of Bradford (Pierce BCA reagent, Rockford, I l), with bovine serum albumin as a standard.
Vascular smooth muscle cells were treated with or without 8-bromocAM P (1 mM) for 30 min. Membranes were made as described above and stored in aliquot at Ϫ80°C. On the day of the experiment, the membranes were thawed and washed once with the assay buffer containing 20 mM H EPES, 100 mM NaC l, 10 mM MgC l 2 , pH 7.4, and resuspended at 250 g /ml. The [
35 S]-GTP␥S binding was measured according to Kowal et al. (1998) .
RESULTS
Consistent with previous reports, the selective group II mGluR agonist, DCG-IV (0.5 M), induced a reversible depression field EPSP (fEPSP) at the MPP-dentate gyrus synapse (Fig. 1) . Previous physiological (Brown and Reymann, 1995; Macek et al., 1996; Dietrich et al., 1997; Huang et al., 1999; Macek et al., 1999) and anatomical (Neki et al., 1996; Petralia et al., 1996; Shigemoto et al., 1997) studies suggest that this response is likely mediated by presynaptically localized mGluR2.
There was no obvious desensitization of the response to DCG-IV and the magnitude of the response remained unchanged with repeated DCG-IV applications (data not shown). Application of the adenylyl cyclase activator forskolin (50 M) induced a significant increase in fEPSP slope at the MPP-dentate gyrus synapse, which typically stabilized after 10 min (Fig. 1) . After the fEPSP stabilized, the effect of DCG-IV was measured. Consistent with the previous reports at the mossy fiber-CA3 synapse (Kamiya and Yamamoto, 1997) and at excitatory synapses onto CA3 interneurons (Maccaferri et al., 1998) , forskolin markedly attenuated the inhibitory effect of DCG-IV on EPSPs (Fig. 1) . In other studies, we have also found that forskolin inhibits the effect of group II mGluR agonists on transmission at excitatory synapses in the substantia nigra pars reticulata (our unpublished observations). Taken together, these data suggest that the ability of forskolin to inhibit presynaptic group II mGluR-mediated responses is a widespread phenomenon that occurs at multiple glutamatergic synapses.
At present, the molecular mechanism by which forskolin inhibits this mGluR2-mediated responses is not known. As is common with many other receptors that regulate neurotransmitter release, mGluR2 can couple to G i and inhibition of adenylyl cyclase (Schoepp et al., 1992 (Schoepp et al., , 1995 Conn and Pin, 1997) . If inhibition of adenylyl cyclase is the mechanism by which mGluR2 inhibits glutamate release, one possible mechanism by which forskolin and cAMP analogs could inhibit mGluR2-mediated response is by simply overcoming the ability of mGluR agonists to reduce cAMP accumulation. However, this is extremely unlikely given the large body of literature suggesting that multiple G i -coupled receptors (including mGluRs) inhibit neurotransmitter release by a mechanism that is unrelated to their ability to inhibit adenylyl cyclase (Limbird, 1988; Gereau and Conn, 1994; Herrero et al., 1996; Schoppa and Westbrook, 1997; Rauca et al., 1998) . However, to verify that DCG-IV-induced inhibition of transmission at the MPP synapse is not mediated by inhibition of adenylyl cyclase, we determined the effect of the adenylyl cyclase inhibitor SQ22536 and the PKA inhibitor H89 on this response. Consistent with previous studies at the Schaffer collateral synapse (Gereau and Conn, 1994) , SQ22536 (300 M) did not inhibit transmission at the MPP synapse at concentrations that completely inhibit adenylyl cyclase (Dixon and Atwood, 1989; Goldsmith and Abrams, 1991) and completely inhibit cAMP accumulation in hippocampal slices (Gereau and Conn, 1994) . In fact, SQ22536 induced an increase on fEPSP slope at the MPP synapse. Furthermore, SQ22536 had no effect on the inhibitory action of DCG-IV (Fig. 2 A, C) . In the presence of SQ22536 (300 M), the percentage inhibition of fEPSP slope induced by DCG-IV was identical to the response obtained by DCG-IV alone (Fig. 2C) . The PKA inhibitor H89 had a similar lack of effect on transmission at the MPP synapse and did not affect the percentage of inhibition induced by DCG-IV alone (Fig. 2C) . These data are consistent with previous studies and suggest that DCG-IV-induced inhibition of transmission at the MPP synapse is independent of DCG-IV-induced regulation of adenylyl cyclase and PKA.
If forskolin-induced inhibition of the response to DCG-IV is mediated by activation of PKA rather than a nonspecific action of the drug, this response should be blocked by the PKA inhibitor. Consistent with this, H89 completely blocked the ability of forskolin to inhibit the response to DCG-IV (Fig. 2 D) . These data suggest that forskolin inhibits the response to DCG-IV by a mechanism that is dependent on activation of PKA. However, they provide no information as to the substrate of PKA or the mechanism by which PKA exerts this effect. We next performed a series of studies to determine the exact mechanism by which PKA inhibits mGluR2 signaling.
PKA could inhibit mGluR2 function by phosphorylation of any number of proteins, including the receptor, the G-protein, or downstream effector proteins. If PKA acts at the level of the receptor or the G-protein, activation of this enzyme should inhibit coupling of the receptor to GTP binding proteins. In contrast, if PKA acts at a downstream effector, such as an ion channel or a protein involved in the exocytotic process, it may have no effect on G-protein coupling of mGluR2. To determine whether PKA acts at the level of the receptor or G-protein, we determined the effect of PKA on coupling of mGluR2 to G-proteins. To accomplish this, DCG-IV-induced increases in [
35 S]-GTP␥S binding were measured as a direct measure of G-protein coupling in hippocampal synaptosomes and vascular smooth muscle cells infected with a retrovirus containing mGluR2 (Kowal et al., 1998) . The retroviral infection system that we used provides high efficiency of protein expression that is typically required for reliable measurement of [
35 S]-GTP␥S binding (Wang and Murphy, 1998) . DCG-IV induced a concentration-dependent increase in [ 35 S]-GTP␥S binding in both hippocampal synaptosomes and vascular smooth muscle cell membranes (Fig. 3) . Interestingly, 8-bromo-cAMP (1 mM) induced a significant reduction in the response to DCG-IV (Fig. 3) in both preparations. A similar inhibition of the response was seen with forskolin (data not shown). These data suggest that PKA-induced inhibition of mGluR2 function is at least partially mediated by inhibition of coupling of the receptor from G-proteins.
PKA could inhibit G-protein coupling of mGluR2 by phosphorylation of either the receptor or the G-protein. Alternatively, PKA could phosphorylate another protein that in some way regulates coupling of mGluR2 to G-proteins. We next performed a series of experiments to test the hypothesis that PKA directly phosphory- lates mGluR2. Previous studies reveal that cerebellar granule cells in primary culture express mGluR2 (Prezeau et al., 1994) . This provides a convenient system to determine whether PKA activation leads to phosphorylation of this receptor in a native system. mGluR2/3 antibodies were used to immunoprecipitate group II mGluRs from primary rat cerebellar granule cells that had been incubated with 32 P-orthophosphate to label endogenous ATP pools. Radioactivity in mGluR2/3 was markedly increased by incubation with 8-bromo-cAMP (1 mM), and the response to 8-bromocAMP was significantly attenuated by the PKA inhibitor H89 (30 M) (Fig. 4 A) . The increase in phosphorylation of group II mGluRs could be seen as an increase in 32 P incorporation in both the monomer and dimer bands of the receptor. We also used an in vitro phosphorylation assay to determine whether exogenously applied PKA can phosphorylate mGluR2/3 receptors in hippocampal membranes. Membranes prepared from hippocampal slices were incubated with 32 P-ATP in the presence or absence of the purified catalytic subunit of PKA. Immunoprecipitation of mGluR2/3 from PKA-treated membranes revealed a robust PKA-induced increase in phosphorylation of mGluR2/3 that was inhibited by PKI (1 M), a highly specific peptide inhibitor of PKA (Fig. 4 B) .
The above studies suggest that activation of PKA leads to an increase in phosphorylation of group II mGluRs in two native preparations. However, the antibodies used do not differentiate between mGluR2 and mGluR3, both of which are likely present in these cells. Furthermore, it is possible that PKA does not directly phosphorylate mGluR2/3 but does induce an increase in phosphorylation by activation of another kinase or inhibition of a phosphatase that is present in these nonpurified preparations. To test the hypothesis that PKA can phosphorylate mGluR2, GST-fusion proteins containing the putative intracellular domains of mGluR2 were constructed and used to determine whether PKA phosphorylates mGluR2 sequences in a highly purified preparation. Analysis of the sequence of mGluR2 reveals that potential PKA consensus sites are present on the second intracellular loop (I2) and on the C-terminal tail of the protein. In vitro phosphorylation assays revealed that PKA directly phosphorylates the fusion protein for the C-terminal domain (residues 820 -872). In contrast, there was no detectable phosphorylation of the I1 loop (residues 591-604) and only minimal phosphorylation of the I2 loop (residues 656 -680) (Fig. 4C) . The finding that the C-terminal domain is heavily phosphorylated by PKA is interesting in light of previous studies suggesting that the C-terminal region of mGluRs is important for G-protein coupling Prezeau et al., 1996) . The C-terminal tail of mGluR2 contains several serine residues but only two putative PKA consensus sites, Ser 837 and Ser 843 . Quantitative phosphopeptide analysis of tryptic peptides revealed that the vast majority of phosphate incorporated into the fusion protein was present in a fragment containing residues 842-861. Sixty percent of the total fusion protein was phosphorylated on this fragment. Sequence analysis of fragment (842-861) 
A, B).
A second fragment containing residues 835-841 was minimally phosphorylated (at Ser 837 ); however, only 5% of the total fusion protein contained a phosphate at this site.
Mutation analysis confirmed the results of sequence analysis in identifying Ser 843 as the major site of phosphorylation by PKA. Thus, mutation of Ser 843 to alanine dramatically reduced phosphorylation of the mGluR2 C-terminal fusion protein by PKA (Fig. 6 A, B) . In contrast, mutation of Ser 837 to alanine was without effect, as were mutations of Ser 833 , Ser 827 , or Thr 832 (Fig. 6 A, B) . Mutation analysis was also used to identify the minor site of phosphorylation on the I2 loop. The I2 loop contains only a single residue that is a predicted PKA consensus site (Ser 675 ). Mutation of this site completely abolished the phosphorylation of the I2 fusion protein (data not shown).
The finding that PKA directly phosphorylates mGluR2 is consistent with the hypothesis that PKA inhibits mGluR2 function by direct phosphorylation of the receptor. Furthermore, the robust phosphorylation of Ser 843 raises this site as a likely candidate for mediating this effect of PKA. To test this hypothesis directly, we transiently transfected CHO cells with mGluR2 and G␣15 (Wilkie et al., 1991) . Previous studies reveal that mGluR2 can couple to this G-protein and thereby activate phospholipase C and increase PI hydrolysis . This robust mGluR2-mediated response lends itself well to screening of mutant receptors in that it does not require the use of viral constructs and can be readily measured in transiently transfected cells . DCG-IV induced a concentration-dependent increase in PI hydrolysis in CHO cells expressing G␣15 and mGluR2 (Fig. 7A) . Consistent with the studies presented above, 8-bromo-cAMP (1 mM) inhibited the response to DCG-IV (Fig. 7A) . This effect was mimicked by application of forskolin (30 M) or dibutyryl cAMP (1 mM), another cAMP analog (Fig. 7B) . Furthermore, the effects of 8-bromo-cAMP and forskolin were completely blocked by the PKA inhibitor H89 (30 M) (Fig. 7B) , suggesting that this response is mediated by activation of PKA.
Site-directed mutagenesis was used to develop several mutant mGluR2 constructs in which potential phosphorylation sites were mutated on the basis of the biochemical studies outlined above. Each construct was coexpressed with G␣15 in CHO cells, and the effect of 8-bromo-cAMP on the PI response was determined. Mutation of Ser 843 to alanine (mGluR2 S843A ) or to glycine (mGluR2 S843G ) virtually abolished the ability of 8-bromo-cAMP to inhibit the response (Fig. 8) . In contrast, mutation of several other potential phosphorylation sites had no significant effect on the response to 8-bromo-cAM P. Mutations that were without effect included the minor PKA phosphorylation site on the C-terminal tail identified above (mGluR2 S837A ), the PKA consensus site on the I2 loop that was slightly phosphorylated in vitro (mGluR2 S675A ), and a serine residue on the I1 loop that was not phosphorylated in the in vitro studies (mGluR2 S601A ). We also determined the effect of a double mutation of Ser 843 and Ser
675
. The response of this mutant to 8-bromo-cAMP was similar to that of mGluR2 S843A (Fig. 8 A) . We next determined the effect of PKA activation on mGluR2 (Fig. 8B) . for the phosphorylated but not for nonphosphorylated or dephosphorylated peptide demonstrates the presence of modification at this site; similar PTH yields of Ser 850 and Ser 852 in cycles 9 and 11 for all three peptides demonstrate absence of modification at these two residues. 
DISCUSSION
The present data add to a growing body of literature suggesting that mGluRs are tightly regulated by protein phosphorylation. As discussed above, previous studies have shown that forskolin also inhibits presynaptic group II mGluRs at the hippocampal mossy fiber synapse (Kamiya and Yamamoto, 1997) and synapses of hippocampal CA3 pyramidal cells onto interneurons (Maccaferri et al., 1998) . Although selective compounds that differentiate between mGluR2 and mGluR3 are not available, immunocytochemical studies suggest that mGluR2 is the most likely candidate for the group II mGluR subtype that reduces transmission at these synapses (Petralia et al., 1996; Shigemoto et al., 1997) . In addition, activation of protein kinase C inhibits the function of multiple presynaptic mGluR subtypes at a wide variety of glutamatergic synapses. These include group II mGluRs (likely mGluR2) at corticostriatal (Swartz et al., 1993) , MPP (Macek et al., 1998) , and mossy fiber (Kamiya and Yamamoto, 1997) synapses as well as group III mGluRs at the lateral perforant path synapse (likely mGluR8) and the Schaffer collateral-CA1 synapse (likely mGluR7) (Macek et al., 1998) . At the Schaffer collateral-CA1 synapse, activation of A3 adenosine receptors induces a PKCmediated inhibition of group III mGluR-mediated responses (Macek et al., 1998) . Thus PKC participates in a heterologous form of desensitization analogous to that observed here with activation of PKA by forskolin. In addition, PKC is involved in homologous desensitization of mGluR5, a group I mGluR that couples to G q and activation of phospholipase C (Abe et al., 1992) . PKC is also involved in induction of oscillatory calcium responses by mGluR5 (Flint and Connors, 1996; Nakahara et al., 1997) .
We have performed a number of studies that strongly suggest that PKA inhibits mGluR2 signaling by direct phosphorylation of a single residue on the receptor and leads to inhibition of mGluR2 coupling to G-proteins. Thus, we clearly demonstrate that mGluR2 is a substrate for PKA and that PKA activation inhibits mGluR2 coupling to G-proteins as assessed by DCG-IV-induced increases [
35 S]-GTP␥S binding in hippocampal synaptosomes and in a heterologous expressing system. A search for PKA consensus sites in the primary structure of mGluR2 (Tanabe et al., 1992) identified three potential PKA phosphorylation sites, one in the second intracellular domain (Ser 675 ) and two (Ser 837 , Ser 843 ) in the C-terminal tail region of mGluR2. In vitro phosphorylation experiments using GST-fusion proteins from intracellular domains and purified catalytic subunits of PKA revealed that only one of these sites, Ser 843 , is a major site of PKA phosphorylation. Functional studies of wild-type and mutant forms of mGluR2 clearly identified Ser 843 as the only site required for PKA-induced inhibition of mGluR2 signaling.
Few studies have been successful in unambiguously identifying specific phosphorylation sites involved in regulation of mGluR function by protein kinases. However, it is interesting that in each of the cases in which the site of mGluR modulation has been identified, the critical site or sites have been found to reside on the C-terminal intracellular domain of the receptor. For instance, evidence suggests that PKC-induced desensitization of mGluR5 is mediated by phosphorylation of two major sites (Ser 881 and Ser 890 ) on the C-terminal tail region (Gereau and Heinemann, 1998) . PKC-induced phosphorylation of another site on the C-terminal tail (Thr 840 ) has been implicated in induction of calcium oscillations by mGluR5 (Kawabata et al., 1996) . Although the precise molecular mechanism by which PKC inhibits signaling by each of the different presynaptic group II and group III mGluR subtypes is not entirely known, recent studies suggest that PKC inhibits coupling of these receptors to G-proteins in a manner similar to that reported here for PKA effects on mGluR2 (Macek et al., 1998) . Furthermore, recent studies with mGluR7 suggest that PKC directly phosphorylates the C-terminal region of the receptor at a calmodulin binding site located immediately after the seventh transmembrane spanning domain (Nakajima et al., 1999) . Interestingly, calmodulin binding to this site is required for normal signaling by mGluR7 (O'Connor et al., 1999) . Phosphorylation of the receptor by PKC inhibits the interaction with calmodulin (Nakajima et al., 1999), providing a possible mechanism by which PKC could inhibit mGluR7-mediated responses.
It is interesting to note that previous studies suggest that the first 28 N-terminal amino acid residues of the C-terminal domain of mGluRs are critical for coupling of these receptors to G-proteins. The present finding that PKA inhibits mGluR2-mediated responses by phosphorylation of Ser 843 provides further evidence that this region of the C-terminal domain is important for G-protein coupling . Interestingly, sequence alignment of the mGluR C-terminal intracellular domain revealed that, except for mGluR1, all other mGluR subtypes contain a single or two PKA consensus sites, suggesting that these receptors might be regulated by PKA (Fig. 9) . In particular, mGluR3, which has a high homology with mGluR2, has a similar PKA consensus site at Ser 845 . It is conceivable that this site on mGluR3 is also phosphorylated by PKA, resulting in uncoupling of the receptor from the G-protein in a manner analogous to that reported here for mGluR2.
At present the precise physiological roles of PKA-induced inhibition of mGluR2 signaling are not entirely clear. However, it is interesting to note that several previous studies suggest that cAMP and activation of PKA can induce both acute and long-lasting increases in transmission at several glutamatergic synapses in the hippocampus, including the MPP (Nguyen and Kandel, 1996) and mossy fiber (Kamiya and Yamamoto 1997) synapses where PKAinduced inhibition of group II mGluR function has been observed. For instance, activation of adenylyl cyclase is critical for activation of long-term potentiation (LTP) at mossy fiber synapses. Furthermore, ␤-adrenergic receptor-mediated increases in cAMP induce a long-lasting increase in transmission at perforant path synapses in the dentate gyrus (Stanton and Sarvey, 1987; Dahl and Sarvey, 1990) . It is interesting to note that agonists of group II mGluRs acutely depress excitatory transmission at both of these synapses and inhibit induction of LTP at the MPP synapses (Huang et al., 1997; Kilbride et al., 1998) . Although we do not know the physiological setting in which mGluR2 is phosphorylated, it is conceivable that PKA-induced inhibition of mGluR2 signaling could play an important role in facilitating transmission and promoting induction of LTP. In future studies, it will be important to determine whether mGluR2 is phosphorylated on Ser 843 in response to physiological stimuli that lead to activation of PKA. Figure 9 . Sequence alignment of the C-terminal intracellular domains of mGluRs. Serine residues involved in a potential PKA consensus site are boxed in black.
